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1 

m^mi] -,miffist, is 2*^ j&v 

<Dm2nmzmM : 3 L + zs^-<Dtpt<cffim.2ti, fr-^m^ 
mm&t vtm&o) 5 %(Dm<D 1 m-c&zm 2 mmmm 
sn. ^(Dm^mm^u<, th2m<om2m i ^(Dwmw> 
2 mm* . suis^ 2 m®cos * i wsb» 1 mm t (dfs tc 

IBMC*Jt5j«-r * ± 5 fCHJSa» 1 1 «9»c»ti4 1/ 

fromsmtEM 1 asstftuie^tt < t 2 f@£>jg 2 s 
& t) - # > ^ -/ tfi§{* ossitffi ©r-i'iiim 

[HftaS 2 J buses 1 «ffi***s*CD*(c43*?L4W 
U «H*JEI*Tac:<!:, EtcgHBlfnS&Djff 1«W 

cciwa^tt < <t & 2 rncom 2 nm<Dm&m 2 ma&tim& 
Tum&j&f&Tz j: ^ ccBnattntcttfi it isgs c 

IBM®^ h fJijIElg 1 mffifctf^SfcfiET £ MM Itl^O^ 

ffiffilzif*. 

©T5CiE«3tiaci*»»<hT&. fl|3jS!3CC8aiE<Z> 

[tt^7 ] frtas 1 iSWJttt-c^ot:, flu fB 

*> CcfulBT - 2 «ffifflti*«MCC HulB**7Lic»ji-r £ 
#>^*^trJ: ^ tcgrsa**?L^BWB* 1 ««4SE±CC 
JtaLT3ttfiET4C<t*«F»iT*. 8»3j«I2CCSett<D 

i^gn^J;^ ^MiB5iO7'iSJiB**?L0PfltciB 
[ii-j<3S9] Etc. H9ia*2«ffi«st^coii!ir. *> 

oJ£ 1 Sffi&c*tLTnJttr*5 J: ^CfflBlfl 2 HHHI 1 

c»3jc^ i o ] freest i sfi^mR^tt < t & 2 m<o 



(2) ^S2 00 2- 1 794 1 7 

2 

»2«©TKiB«<5*iSC± ; Miaul i ^s^r^- 
5 CCfluf BJjt 2 Sftte^i?* ^Ci; &tMf?fBf§ 1 
?L«I9IB» 1 mii£^:£Ccm3I bxmi±? £ C t Kcfc «3 

^ci, M**i«:SBtt©r-^*ffi 

10 I1aZ{$„ 

[ n^9 1 1 ] BuiB^fc < i i> 2 m<om 2 ng^ac » 

[|**J1 1 2 ] huIB» 1 WTBB^ft < <h 4> 2 (I 

©m2mffiCCMLTHKTSJ: ^{cffiOWwen-SCi 

[ i 3 ] mm i ^777^ r^e 
n, ttiB^< ife2fHom 2^i§#i2;- dorffen 

[ff^ia 1 4] ^ + ; HUfB^ + >^-CCBBB3 

nfcaiss-ciot, srias 1 i ffigu. f$2 

*SSP, Buiam 1 4SSBP<ht?IBm2 JftBPtCDBItcSttrSSBE 
14, KtfifttBtBEtttcifi otifit S **?L 4 ^>*ft 
SfltScirt^t, b5IB^1»«, 8»eBffiEHCC» 

^-fcsBJBsn, ^oi i aawa^»2 3gsB**-r4* 

2m@r'$>or. faiBm2mffi(Dm2^gp« k RKcntt 
30 ^rff^T ^ J: 5 CcfufBftffiiE < CciBB ^n^Ci, 

COig^, i?IBS 1 «SS«>*h9IBS2 «g(D^& < t i> 

[mmm 1 5 ] bu IB tp*TL**. l£ffi«:JgfiST€>i^tC 
WIB*4ffi^6WIB» 1 SS^ft^sar^Siluri^j: 

©*tcjR«snsj:5tcflffSB» i *ffi^frs»2*a© 

40 TCciBKS*aSCi«:«F«tr*. 1 5 CclEiSO 

[is^ i 7 ] ffiriaMffi^ecjKfijjEsnrcitsao^* 

1 8 ] BuBB8!»©^#L^t^aSS©^«: 



(3) 

3 

7*Stf <fc 5 tttufa*ife?L#SyE3f 1 Sffi*SS£ 
£ J: ^> fcWEip > frlB**?L©PdJtc 

[tt«3i 2 2 ] ECCW8BW2 msws^fc^nii^* 

2 mg© 9 1 asasR wwe ^ > ^ - tc«» s n /cps 

[If ^ 2 3 ] fuEffl 1 «S**lffE*& < i 4> 2 {@(£> 

S2«e©T&cBBBSftsc£ ; ituEisims^ry- 

F£ UTftfflT** SfcWEaf 1 BftMWKHcfflRS 
ft, ifE*I>fc< £fe2ffl<D«2«*tt*y- F£UT{f 
JB:TSA0K:BJE5>fc< <fcb2fl©»2«*j&*. l&T* 20 

3 ft* C £ ; RVmtm 1 
^O^fc^jfcfLfcWU 3^0tKU«re»U. MEJg 1 ^ 

[ff sjSS 2 4 ] WEil>tc < t h 2 m<o929mtfim> 
[f§3}c^ 2 5 ] WEST 1 «S#. 8»Ed>tt < i 2 (g 

©n 2 m^ccw othrt a «t 5 ctix o e>ft £ c £ 
^naifS, IS*J12 l &ce*S©7 

[ A$fi 2 6 ] gqEA 1 ««# ^77 7 0 "CflP 6 

wise n&mz i Manor 

[IM3I2 7 ] 1 #7 

EBL"CffiE4>&< i fe 2 H©»2««MHI»«:»A,r 
B5fBmim®C>PfTSlTaci ; BSE* *>/^©|*3S[HC 

^RCXIB 1 Wl^is c t ; ttc«qiqEd>tt < t i> 2 fl 
©»2Sfficos^ isiriB^ i iS^Mrr-^ 

i>2mom2m&tmMm 1 BSowMtcBESHmi-r 

£fr S S i 5 tcEBOfriBHB^BWBO^tt < £ & 2 ffl. 50 



«fH2 00 2- 1 7 9 4 1 7 

<Dfg21l1§&6BgT3C<!;, «r«Fai-rs*-#>^y 
[11*5 2 8 ] h«E» 1 Sffi*sKii?L«:S*. buE# 

^CcbttJcO, fff3B*-^>^y»Sft^BiilBmi*ffi 

<p&©&K<fc9r~-u>*sft£c<!: ; i»E* + »< 

-*IJE* 1 E^T«3T£ <fc 0 tcgSIB* + >/<-<c# 
Ctfc&SteT*. S»*S2 7 6CE«C[)^ 

C»*S2 9 ] ■BiateffX.&ttEJKRaP. HEBtc 
(*©£?££&„ 

[I**J13 0] »E» 1 «fi#«KFL*£#. flTE# 
ffi^'Htc : ^H^ao v l!6^tulB?L^iliiU. froBu 

tar - * tfflji-r a c t k j: o WEMBKAa vhik« 

M E * + > ' &CagAT ^Cit^t, nEttttESfctf 

wls^m^MEr^^^aaT^tstciiia^R^wts 

ttWES 1 H&K i: 0 JD^i 3 ft £ C <h tttt <b "T 
M*«2 7CcEiS©*-#>^>'»JS#©Ki6S' 

[0 0 0 1] 

Xttffc»iMHa»(CVD)^n 

[0 0 0 2] 

fi^r^- Ft HBO^y- Fopaor-^awcJ:^ 

tj^tii Wit 1 9 99^9^28S^IB3ft 
fc0*I«fS¥l 1 -2 6 3 6 0 9^; D. T. Col 
b e r t ^C££ "Growth and Sinter 
ins of Ful lerene Nanotube 
s" , Science Magazine, $2 6 6^ 
(1 994^11^8 0); Lowe .11 D . Lamb 
W<D "Ful lerene Production", 
Journal of Phys. Chem. Solid 
s, ^5 4#. m\ 1 6 3 5 - 1 4 31, Els 

evier Science tt. SH. 1 9 9 3^;^ 

v^mmsne, 0 6 3, 2 4 3#*#iH3ftfc^. 1 




5 

cor, gfti^^hr. fflr^-y>^cf» 
^^©rtMic«^fa^s©rcn€:ffaxL.&wn«tt 20 

6^cl^ Lamb?© "Ful lene Produc 
t i on" iciBKStiri^cfcOtc. «<D[eliR«31^W 

XviCjSfemSH^fBfc^A^n-So And ol£<D "Ma s 30 
s production of single — w a 1 
1 carbon nanotubes by the a 
re plasma jet method". Chem 
ical Phys i csLet ter s, 323, E 
lsevier Science B. V. , (2000 

[o o o 6 ] mommmtecv Dgsra, jfccj^t 

8, C<DS*^lk3lf&i^teA{CC©^o-feX»ft l 0 
oo°cr||^£ftTi>£Jciiif&i\, fi£oT, c<Dj:^ 

rj»**«i5i>. so 



mm 2002-179417 
6 

[0 0 0 7] 

tiAir£ 0 

[0 0 0 8] 

m±cc^ otuj^ mmmt. xmxonmvmm&m 
K>m%z>(Dx\ mmmm&ztit,>ictj;?> a Etc, ccon 

[0 0 0 9] SffiO^<D*4ffiCCflp^.r, is 

^Xv<D^Fi«jRaf««^iHfi5tttcta:3:^>. cinhomn 
A£<T, J:DM(07-^77Xv^^t^J; 

[0010] ^IfeBJJCDS&SBWtt* 
orfi*OSWNT*^fi£-raSt^g|£B$H|*5fS6*i, 

[001 1 ] cnitesijcc. & 1 mmcotp&mmn*®. 



7 

-/ uks*©* ^ ^im x*satc»ij!aitij*&. 

ttKffiO— ^tc * S **Kii?L^ao Tag A $ ft £ 

mk* #x#ss<D^i>£aoTSSA3ft. y-t-i? 

XvlH«AS**1ia?L©±8l!ti5«)*©'C, #*B7- 

^5XvoH«flWc*C^»ft*si6flB3tiS. 

0, lie. ^-^^^flBKtOHjBaXFBTS. 

[0012] *«woswBay*©ft<Dana6tf Kfiw 

[0013] 

[»W©IS»©»!I8] <3S 1 Htfeffitt) 1 * 

MStt^lSIl -3fc5*l/CC>S. *-#>^-/Hji*© 
tJSSBBiCB, 9 + SlSi20, lffl£Lh 

CDS&2H®4 0, Rtf|«B«M«5 0Aid*h4- 

[0 0 14] * + >/<~l«?-*>/<~rt»5±W£:SS 
T3M2£-gt? 0 112 B, ^fttt**S€:ffiltilXSflt 

««P«f*B. ^*PSS£»APSI54*>6«AOr. ftiPifttt 

«icr5C£#ffi*SJ:5te. + l JCBAP6 
£HJP10j&J*S. CCD#X*H«B. Wittf. 

AXBr ;v=f>®J: ^ ttt»rft©**Stt#* fe Aft* c 

<h#lti#* 0 HCC, #X#H«B**, XB7k*i^FfS 
a^(D^»^tU<, fi3 0 0 F;KTor 
r)fcl>Lift7 6 0 hJVtfHttWT**. **X£HIW> 

^ciotfti^.. use, ^i->^'-rt^5o4 3 ^ieg 

3ftri^Simffi2 0Rtflffl«±<D*2«S4 0 
*. ^^HS-rS^tcf'^V^-l CCBM5C3S* 
£l 2#§£ft&„ 

[0 0 15] *1««20B. % 1 *SpP2 1, $2»SP 

3 3a^n?>©isMaMfcia(i3 1 KU&^-csa-r* 

*f*2 7J&Stf. C©##2 7tCB. rt«HC**#Jta 
0"C^«c^?L2 9**KBS*va>5. IP%, **?L2 9 
B, S1SSP2 lfr*SII2iSgB3 3*rSnSffi2 0S: 

S*«:Ss*tfi^rsaLTL*5sRrB&i». Si«g2 

0MI(v ol tage potential 
£ftTl>T, »2««3 3tCBX0ff»e»ti/c3*^4f- 
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[0 0 1 6 1311*8882 lB^?L2 9O^ffli40r 
l*S«BB2 3££fr. «S2 3B*ffif*3 ncWOTfta 
0ri283ftTt>S„ H3«r#BS3ft/cC> 0 'ftSOBfi 

2 0° fr*>mo m &m**itfcv$>z&> mo* tm 

4 5° M»iU^„ 8ffi2 3#mi*ffi2 0GDr9» 
ftKlSKRHU »l«ffi2 0i lfiW±©W2«a 

4 o t©raor-^©^wcfc8j»^sarj:^ccc(D 

ft«0Batfft*. 
10 [0017] MB2 3B. *-#>^^«UH*©iHI* 
BSl«S20Omiffi3U2 1 £»»T60tC®:£o fl 
IPo, filial »ffi2 0t, lffl«±©Sl2«S4 0 

fiXbgl*. LjO>L&#*k »ffi2 3lc<fcorC(D*i8M& 
B» 1 mm 1 *6»0*%T**?12 9©*«CA*. 
ftS0^At<^Stconr. «B2 3 B*¥CC&0« 

[0 0 18] JJDX.T. I4B52 3B, Slli2 0iS2 

sft4 0tcj:or»*rsr-^offJtK*?f5acrs<Dtc 

Sft£«£. «|*^SIE!|!j«:»9fllH}*SJ:^tC. $4® 2 3 

Br-^^^x^o^acxiawisiBUJ**. bp*k 

ftS0^/h3<&StConr. &*gf21i®4 06D7- 

^^xv«j*BWiaB»2 i<o^<D^m^\ *b 

ttS. HPo. *lSffi2 0©f4ffi2 3fcf& 
or ttlttt^^ic^]^ ^<OB*<t < & £ 0 * i>r 2 flfet 
±012114 0^607-^77X7 fiP(M*<& 1 «ffi 
2 0©tfMWn< <!:. 7-#Bl*£U ^fttCcfcoTS: 
30 JGQSHJ£i*tf1\ <fc*)A£<> ^OiSMCDr-^^X 

1SI2 0OS1 JSSI52 1 *s**CCtt D , t£*S<D7- 

^*ffi«iJi(*tcjfi«<tc-onrcin^. 0 = 90° tb) 

7 - ^ 7*^ XvO^fijRtf C iB^pfftg 

[00 1 9] H2tC7STJ:^CC, *4ffi2 3B«ffltca» 
(D/X2 5«rlBitUr^*. ^2 5 

40 2 5<D*tc^SftS<DT*. aasttflstcwu-ruBB* 
^IS-r5C<b^gS-CAi. BPo, ffUHS2 0B&11 
«BrBfH«Sntt^©r. ^2 5|iCOMi, MM 

[0 02 0] S^(07\2 5B, »SB«2 mm^6ft 1 

it. M«B8lBlyr/c©j£»tctt»L/t:SE^r*i* 

@2 00^412 3"C©SJ£CCB««ffl*ttC>. fct, 
M«3^IRB*»r*l«rfcM«tt^2 5*JCfia»S 
50 ftr, M«|*sffifflffi*5J:5K:«ffi2 3^?)^ifit^ 
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[0021] mcc, an i mm<om i ^§(52 i (ommm 

2 0 c mt^?L2 9 (Dffi^«4 c mO^, &*<D 
^2 50iSttft3ram^¥,ftl Omm-C*^ L^L 
#^©7^2 5<DBStt^4mm^e)ft8miDCD 

3fc#tC»©>W«4ffi2 3±te£/Rffi*ttl><D^. 3flE»tt 

0cm^6ft6cm, tUtfi 5 c m#>6tt 3 0 c m£> 
fEffitfnJffer&s.. ^2 5©it&#«A"C*5 

7\2 5£f#SCi«lil,t,>. 

[0 0 2 2] B2ttHCiSa****J:9tc7 ! t2 5 £m 

5t2 5*s«.*HC8R3-C*S£2*««cl^ UlStctt. ^ 
2114 0*SM»SnS*rT-^tt*OHI*ft^6l6?L 
rSi^^T^^^ic, ^2 5 3WC»5l»50:aiS*W 

o< Dil^^fiWl»riM^J;^j:Si^2 5 
4>£>&„ MftCitt, S21g4 0«f^n^^r 

cc»*si«:«i ^.-r ea&*r s <£ 5 cc , ^25 mm 2 3<o± 
*>ns 0 

[0023] ^1112 ottBfffi^n^r^snrt^ 

(tni't ( «R», fi^jg. JEfrJ^ 

[0 02 4] JgCC, SlSS2 0Si7-^3B(Wicig 

ccftHK*flfe£-r SC<ba*§BccfcSo IPt. 11IS2 
0«r|5Ji£Sl±Sc£tCj:D7t2 5 OS«*fia#LTt»S) 

««©yHII«Ctc S C <b fttbtt 2 5 <D«c**fCBT - # 

[0 0 2 5 ] SlIfI20©«2 3lc*trnrr*J:5tc 
1 iW±OS21S4 0#*^ + iW*- 1 ccgeg^ns., 



(6) «f» 2002-179417 

10 

SB4 ia^»2*SB4 2*J#«nS. SH»U3i 

fflM8*£5 oec»ttstirt»s % — # % ■s^<o^2^SB<h 

mW2 3(DHK:HI»4 7 4JgfiS-rSJ:^tc*2SSSB4 2 
«*4ffi2 3 <hrSj#^o-ClsS 0 BB4 7B, £4m2 3K 
SjttSrtR«crBoT»2*W4 2cD^i>*P6£4ffi2 3£T' 

aissns, it5©tti2Sfi4 oitT-zwm&m 

fflTi£. Wigtt^l m@ 2 OCD/^2 5KJ;-*Tfl**&sn 
S<Dr. S^S2«ffi«ttfttt^-#>rf¥SCi^a 
3fcS D L*fe«»tt*-#>P ? Ktt*«cJtt««:^y7 

<Dfg 2 1@ 4 0 «cp tC*B«%St? C <t #tij*S. 
[0 0 2 6 ] |E3Sn{Sflt5 0 tt, 92Ii40^t>/< 

20 - 1 J8ian : mt&m?z>. tomB&ms o ttfcofas 

CDffl^iA<^^;l/ h 5 4 RO't 7 h5 6 £§t?o 
[0 0 2 7 ] »2*ffi40^SlHcMgBai*SJ:^CCfi 
«5 2tt3i2«ffi4 0*crc9tttte>ftTl>£ o gp^ v 2 
fB©S2«ffi4 0#fi£JB3nSi»^ cn6<Z>WSl;t|H 
IS4 5tCctorS9gBUj3R*<fc^CC||t3n-CCiS. H2H 
S 4 0 tettV B <D^fa ICS 1 >fc jfifat » /c 0 Slti/c 0 ffl* 
S<fc5tc3$2WS4 0tJffite5 2(cBS(0«W6nS© 

raPS4 5B8H»pIIBr & S„ ^UteHMartt. 2fS 
Og2ii4 0/cWL^$ntl^lH^n<i:^ l ffS 
30 ©a<D«2Sffi4 0S:«fflai*S. m2«fiS4 0(D<Ba 

y«jgf*6Dm^*9^.S„ 3f@t(±(Oll2m©4 O^r^ffl 
cfc^CC. ffi^5 2CJ. m2^S4 0©S^^g|0CD^2 

*S4 0fcjPture;«ittS3RSKDftw«igflc j &Stf. * 

2*S4 0^*Si8^. m2«ffi4 0ttPiPH4 5 6r>S3 

[0 0 2 8 DUX.T, *ai;«*filiA**'JUh 5 4«ffit5 
5 2 icffiOtftfenr l<DS2€:SilLt5i 
fit^) D t 7 h 5 6 (i^G«^aiA^7H;u h 5 4 <tW^ 
^StiTStg5 2i. ^^r5 1 ^>^'-p^^5cr)^6C 
2 *®4 0teffi0 tttteft*. t7h5BifciD 
fa#*Iii^!pJl/ h 5 4^2^^4 0 ^^EnA(D^[S]^\ 

tt^TcDT-, p H iiS4 7<Disraffi«*«ai©3ns. -tvb 
5 e«#«i-c«>. *^tta«i*ji53i«a(*3nT^ttio 
50 ccjcoTfeiHgBtii^S^r. ^ 1 mfi?2 0 ^c^tOT^2 



(7) 
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mts4 o cottar* #mi<D&& mmmwiv 

«, OR 4 7 ©PaPB«tt2mm^6ifi5 mm, »$0< 
teft2mmfr6tt3mm©IBfflTi^3ft^ HI9R4 7 

4\<* r ^ s £@ ar i > 7 - * ^ x^wftWRSW 

ittttf A £ < & * tf 9 r & < C © # *- ^ WiStt 
[0 0 2 9] B0«*O«jfitt*»WKtt«fi'C«tt 10 

il^tf^0"Ctt<®2ISfi4 0©ffl(OiS8t4 5«rsHfisai 
^Urr^4 7^:liSi5tti*^t ; 'TfiCD^1gr^J: 

[003 0] *56MOSOIflWt«orSWNTtHjS 

[0 0 3 1] 9v7t4 YVfthtx. £4ffi2 3ft*HEH3 

S»l 0mmO*H»tt*-#>©W2fl»4 0<DTK:BB 

«-rs<t, »*L<tt^«««3&iiti*3&sjiaLr^tttv 20 

?L2 9©*{CJKH£ftS. 
[0 0 3 2 ] »ffl2 3fc**;nC2 5tt, W*«, HIS. 

c t tc <t o r yco 1 «y±©*; - ^ y ABB***** 
fi<*BSttl*S : IP*>> itiJfty^-^CSWNT); 

5-U>, ^*>t/7r -fx- ; RtfZOl&O)* s 30 

tc«HStt. 0^7 r-f KD*1 ««2 0#»H2 3«:7? 
2 5*gtr©rc<DSffi2 0*«Mljat*SatCT-^^ , 7 

CC^2 5^«A?nfS, 7-^^7X7««^tt«3n 
§©5CfB^cfc^o HOC, Wl*«2 0ttW*3tittt» 
Or, ^2 5tt7-fB«*rfc*0»l*tfiS^b"Cl* 

C0^2 5ttC©fcWI*HHfLri»5 40 
HS2 0*68fchlH£C&ttttl>. 
[003 3] JWC, CO^ + >/<-n»5*, HeX« 

h e ^tswm^cmmmm^ s wn t fc&a-r sis 

^ffV/^WBtM^n^i, »5 0 0torr© 50 
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6 i^+>^-HJP i otcffc*ri*SAji/^Hi;6>n 

So 

[0 0 3 4 ] »2«S4 0ttEt>fctt8 cmSISftri* 
r, ^t^7-^^7Xv«^t^7-^^ 
£-T& n *^r. «lSi2 0tS2«ffi4 0ttfi2m 
m«cOb«3mm©fflie4 7 £&A,rSWCfa#£5 . 

[0 0 3 5 ] $RlSS2 0«ttfiSfi6cSttStl 

r^v- Kcburffffl-rs. »2«S4 0«»ffi 
miutc^stirT^-KiLrfpfflTSo wc, «3 

0ftl>L5^3 5#^hOSE, ft2 0 07>^7(D«ft 
©BSE(DC)#*1 HH2 0i*2^ffi4 0&CE(lfin2ft 

si, 7-d?ttS6cj:orr-^^7Xv««*s»4'r 
s„ c©7-*»«#»3 o^tti^jftiBMfTtetoh 

^,i7/-F«f$n^o 3f2^g4 0 3WBSt3*lK: 

onrPH5»»5o^fp«iur. iE^aao^i^fi 
3 5 *;u h r^i^-r s J: 5 ecu 2 im 4 o * $ i mm 2 
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1. Title of the Invention 

ARC ELECTRODES FOR SYNTHESIS OF CARBON 
NANOSTRUCT URES 

2. Claims 

1. An arc electrode assembly, for producing carbon nanostructures 
comprising: 

a chamber; 

a first electrode having a first end, a second end, and a body extending 
between said first end and said second end, said first electrode being disposed 
in said chamber and being connected to one of a positive potential and a 
negative potential; and 

at least two second electrodes each having a first end and a second end, 
said at least two second electrodes being disposed in said chamber and being 
connected to a second potential which is the other of said positive potential 
and said negative potential, wherein said second ends of said at least two 
second electrodes are disposed opposite said first end of said first electrode so 
as to form a gap between each of said second electrodes and said first 
electrode, 

wherein at least one of said first electrode and said at least two second 
electrodes contains carbon. 
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2. The arc electrode assembly according to claim 1, wherein said 
first-electrode body has a central bore therein and defines a longitudinal axis, 
further wherein said first-electrode first end includes a sloped surface which 
extends in a direction that is oblique to said longitudinal axis, further wherein 
said second ends of said at least two second electrodes are disposed opposite 
said sloped surface so as to form said gap. 

3. The arc electrode assembly according to claim 2, wherein said 
central bore is a blind bore extending from said sloped surface into said first- 
electrode body so as to form a bottom surface. 

4. The arc electrode assembly according to claim 3, wherein said 
first electrode is disposed below said at least two second electrodes so that 
unwanted byproducts are collected in said central bore. 

5. The arc electrode assembly according to claim 2, wherein said 
sloped surface has a plurality of holes formed therein. 




6. The arc electrode assembly according to claim 5, wherein said 
plurality of holes includes holes of different depths. 
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7. The arc electrode assembly according to claim 2, wherein said 
central bore extends entirely through said first electrode so that said first, 
electrode body is tubular, said arc electrode assembly further comprising a 
pump communicating with said central bore so as to pump material from said 
chamber through said central bore. 



8. The arc electrode assembly according to claim 7, further 
comprising a collection box disposed between said pump and said central bore 
so as to receive material pumped through said central bore. 

9. The arc electrode assembly according to claim I, further 
comprising an adjusting mechanism connected to said second-el ectrode first 
ends and to said chamber so that said second electrodes are movable with 
respect to one another and are movable with respect to the first electrode. 
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1 0. The arc electrode assembly according to claim 1 , wherein: 
said first electrode is disposed below said at least two second 

electrodes; 

said first potential is positive so that said first electrode acts as an 
anode, and said second potential is negative so that said at least two second 
electrodes act as cathodes; and 

said first-electrode body has a central bore therein and defines a 
longitudinal axis, said central bore extending entirely through said first 
electrode so that said first-electrode body is tubular, whereby gas can be 
introduced into said chamber through said central bore. 

1 1 . The arc electrode assembly according to claim i , wherein said 
at least two second electrodes are spaced from one another, and are spaced 
from said first electrode so as to produce a converged arc. 

12. The arc electrode assembly according to claim 1, wherein said 
first electrode is mounted for rotation with respect to said at least two second 
electrodes. 



13. The arc electrode assembly according to claim 1, wherein said 
fnst electrode is made of graphite, and said at least two second electrodes are 
made of carbon. 
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14. An arc electrode assembly, for producing carbon nanostructures 
comprising: 

a chamber; 

a first electrode disposed in said chamber, said first electrode having a 
first end, a second end, a longitudinal axis extending between said first end 
and said second, and a body having a central bore extending along said 
longitudinal axis* wherein said first end includes a sloped surface which 
extends in a direction oblique to said longitudinal axis; and 

a second electrode disposed in said chamber and having a first end and 
a second end, said second-electrode second end being disposed adjacent to 
said sloped surface so as to form a gap therebetween, 

wherein at least one of said first electrode and said second electrode 
contains carbon. 

15. The arc electrode assembly according to claim 14, wherein said 
central bore is a blind bore extending from said sloped surface into said first- 
electrode body so as to form a bottom surface. 

16. The arc electrode assembly according to claim 15, wherein said 
first electrode is disposed bcluw said second electrode so that unwanted 
byproduct deposits are collected in said central bore. 



17. The arc electrode assembly according to claim 14, wherein said 
sloped surface has a plurality of holes formed therein. 
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18. The arc electrode assembly according to claim 17, wherein said 
plurality of holes includes holes of different depths. 



19. The arc electrode assembly according to claim 1 4, wherein said 
central bore extends entirely through said first electrode so that said first- 
electiode body is tubular, said arc electrode assembly further comprising a 
pump communicating with said central bore so as to pump material from said 
chamber through said central bore. 



20. The arc electrode assembly according to claim 19, further 
comprising a collection box disposed between said pump and said central bore 
so as to receive material pumped through said central bore. 

21 . The arc electrode assembly according to 14, further comprising 
at least two of said second electrodes. 



22. The arc electrode assembly according to claim 21, further 
comprising an adjusting mechanism connected to said second-electrode first 
ends and to said chamber so that said second electrodes are movable with 
respect to one another and are movable with respect to the first electrode. 
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23. The arc electrode assembly according to claim 21, wherein: 
said first electrode is disposed below said at least two second 
electrodes; 

said first electrode is connected to a positive potential so that said first 
electrode acts as an anode, and said at least two second electrodes are 
connected to a negative potential is negative so that said at least two second 
electrodes act as cathodes; and 

said first-electrode body has a central bore therein and defines a 
longitudinal axis, said central bore extending entirely through said first 
electrode so that said first-electrode body is tubular, whereby gas can be 
introduced into said chamber through said central bore. 



24. The arc electrode assembly according to claim 21, wherein said 
at least two second electrodes are spaced from one another, and are spaced 
from said first ejectrode so as to produce a converged arc. 

25. The arc electrode assembly according to claim 21, wherein said 
first electrode is mounted for rotation with respect to said at least two second 
electrodes. 



26. The arc electrode assembly according to claim 14, wherein said 
first electrode is made of graphite, and said second electrode is made of carbon. 
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27. A process far producing carbon nanostructures comprising: 
disposing a first graphite electrode and at least two carbon second 

electrodes in a chamber, having walls, so that said at least two second 
electrodes are opposed to said first electrode across a gap; 

providing an atmosphere inside the chamber, wherein said atmosphere 
includes an inert gas and a first pressure; and 

providing a voltage across said at least two second electrodes and said 
first electrode so as to form an arc between each of said at least two second 
electrodes and said first electrode, to produce carbon nanostructures, 

wherein said step of disposing includes disposing said at least two 
second electrodes so that when said voltage is provided, said arcs combine. 

28. The method of producing carbon nanostructures as set forth in 
claim 27, wherein said first electrode includes a bore therethrough, and said 
method further comprises: 

providing a suction through said bore so as to draw said gas and the 
carbon nanostructures out of said chamber, whereby the carbon nanostructures 
arc annealed by heat from said first electrode; 

providing a supply of gas to said chamber so as to maintain said 
chamber at said first pressure. 
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29. The method of producing carbon nanostructures as set forth in 
claim 28, wherein said step of providing suction includes providing an amount 
of suction which prevents an appreciable amount of soot from forming on said 
walls. 



30. The method of producing carbon nanostructures as set forth in 
claim 27, wherein said first electrode includes a bore therethrough, and said 
method further comprises: 

introducing organic vapor and catalyst into said chamber by passing 
said organic vapor and catalyst through said bore and through said arcs, 
wherein said catalyst and organic vapor are heated by said first electrode 
before said organic vapor and catalyst are passed through said arcs. 
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3. Detailed Explanation of the Invention 

BACKGROUND 

a. Technical Fie l d of the Inv e n tion 

5 The present invention relates to an arc electrode structure for synthesis 

of carbon nanostructures, and a method for producing carbon nanostructures 
therewith. More particularly, the invention relates to an arrangement of 
electrodes for producing an arc-plasma discharge to synthesize carbon 
nanostructures by consumption of carbon-containing electrodes, or by a 

10 chemical vapor deposition (CVD) process. Carbon nanostructures that may be 
produced include single wall nanotubes (SWNTs), multi-wall nanotubes 
(MWNTs), fullerenes, endohedral metallofullerenes, carbon nanofibers, and 
other carbon-containing nano-materials. 

b. Related Art Exemplify ing Problems to be Solved b y the Inve ntion 

15 In the related art, carbon nanostructures are produced by arc-discharge 

between one anode and one cathode. See, for example: Japanese 1 1-263609, 
published September 28, 1999; "Growth and Sintering of Fullerene 
Nanotubes" by D.T. Colbert et ah, Science Magazine, vol. 266, November 18, 
1994; "Fullerene Production" by Lowell D. Lamb et al., Journal of Phys. 

20 Chem. Solids, vol. 54, No. 12, pp 1635-143, Elsevier Science, Ltd. Great 
Britain, 1993; and US Patent 6,063,243. Because only one anode and one 
cathode are used, a limited arc -plasma region is obtainable. Further, the 
electrodes include flat surfaces which oppose one another. Because only flat 
electrode surfaces oppose one another, it is difficult, if not impossible, to 

25 control the direction and region of arc-plasma. Consequently, it is difficult to 
control the final carbon nanostructure produced. Further, the area outside of 
the arc-plasma region quickly drops in temperature. Due to the limited size of 
the arc-plasma region, and due to the low temperature outside of the arc- 
plasma region, the reaction species aie quenched quickly, not heat annealed. 

30 Such quick quenching of the reaction species leads to a high production of 
amorphous carbon and other unwanted species, resulting in a low yield of 
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carbon nano structures. Therefore, only short SWNTs may be produced by 
these apparatuses and methods. 

The related art anodes typically are carbon rods having catalyst mixed 
therein. Catalysts having a low boiling or sublimation point easily run out of 
5 the hot electrodes and, therefore, are not fully utilized. 

During soot generation, soot is generally deposited on the inner walls 
of the arc electrode chamber and, thus, must be harvested. As noted in 
"Fullerene Production" by Lamb et al., harvesting soot presents real health 
risks. Therefore, soot harvesting must be done carefully which typically 
10 means slowly and at a large expense. Therefore, soot harvestation is tough 
work, especially in big chambers. 

Lastly, in traditional arc-CVD apparatuses, organic vapor is introduced 
through an inlet other than the center of the electrode. That is, in the related 
art structures, gaseous reaction species are introduced to the side of an arc- 
is plasma discharge region. See "Mass production of single-wall carbon 
nanotubes by the arc plasma jet method", by Ando et al., Chemical Physics 
Letters 323, Elsevier Science B.V., June 23, 2000. Therefore, the organic 
vapor is not preheated by the hot electrode, and is not introduced into the arc 
plasma region completely and evenly, which results in a low yield of SWNTs. 
20 Also, neither of the electrodes are cooled with the flowing organic vapor. 
Moreover, because the organic vapor passes by the side of the arc-plasma 
region, there is both a considerable amount of unused organic vapor, and a 
considerable portion of the arc-plasma region that is under-used. 



25 heated by a furnace. In order to keep the tube from melting, however this 
process can only be performed at about 1000°C. Therefore, due to this 
temperature limitation, a large amount— up to about 90%— of the gas is 
unused or wasted. Accordingly, this process has a very low efficiency. 



In another typical C VD apparatus, gas is passed through a rotating tube 
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SUMMARY OF THE INVENTION 

Means for Solving the Problems — A dvantage s , of the In vention 
An object of the present invention is to solve the above noted problems 
in the prior art. More specifically, an object of the present invention is an arc 
5 electrode structure, and related apparatus, which solves the above noted 
problems in the prior art. Still another object of the present invention is an arc 
electrode structure for efficiently producing carbon nanostnictures and, in 
particular, SWNTs, wherein the yield of SWNTs is increased. 



10 be adjusted so that the final product is controllable. That is, because the 
present invention includes an annular electrode having a sloped surface, the 
direction and region of arc-plasma easily can be adjusted. Additionally, 
because the electrode includes a sloped surface, it is automatically cleaned. 
That is, deposits, that would have otherwise collected on a flat electrode 

is surface, slide off of the sloped surface of the present invention's electrode, 
thereby cleaning the electrode surface. Further, the sloped surface of the 
electrode includes a plurality of holes therein for holding catalyst, even as it 
reaches its boiling or sublimation point. The holes have varying depths so that 
catalyst is continuously, and uniformly, distributed throughout the arc -plasma 

20 region during the entire duration of arc-discharge. 

In addition to a sloped surface on one of the electrodes, the present 
invention includes a plurality of second electrodes disposed in opposition to 
the first-electrode's sloped surface. The provision of at least two second 
electrodes contributes to the adjustability of the direction and region of arc- 

25 plasma. The second electrodes are positioned so that their arcs combine to 
produce a larger, hotter, arc-plasma region which leads to a longer reaction 
time. The longer reaction time, in turn, results in longer SWNTs, and an 
increased yield thereof. 



30 allows the carbon nanostnictures easily to be collected, and heat annealed. A 
first electrode has a central through bore therein. The through bore is 



The present invention allows the direction and region of arc plasma to 



A further object of the invention is an arc electrode structure which 
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connected to an outlet tube which, in turn, is connected to a collection box and 
a pump. The pump draws the soot through the central bore and into the 
collection box so that soot is not deposited on the inner walls of the electrode 
chamber. In such a manner, the soot is easily, safely, and quickly collected. 
5 Further, as the soot is drawn through the central bore of the hot electrode, it is 
heat annealed, thereby perfecting the nanostructure. That is, as the soot travels 
along the central bore, the heat from the electrode allows a longer reaction 
time which produces longer SWNTs, and allows the removal of dangling 
bonds on the nanostructure. 
10 Alternatively, instead of using the first electrode's central through bore 

to remove soot from the electrode chamber, the central through bore can be 
used to introduce organic vapor, gas (including inert gas), and catalyst into the 
electrode chamber. That is, the apparatus of the present invention may be 
used to build carbon nanostructures, by CVD, from gaseous raw materials 

15 instead of from breaking apart carbon electrodes. Thus, by selecting the 
gasses introduced to the arc-plasma region, the type and size of the carbon 
nanostructures easily can be controlled. Because the gasses are introduced 
through the central bore in one of the electrodes, they are preheated before 
reaching the arc-plasma region, thereby increasing the yield of carbon 

20 nanostructures. Similarly, the introduction of gasses through the electrode 
cools the electrode, thereby increasing safety and the electrode's useful life. 
Further, because the gasses are introduced through the center of the electrode, 
and the arc-plasma region is located above the central through bore, the gasses 
must pass through the arc-plasma region, and a greater portion of the arc- 

25 plasma region is used. By introducing the organic vapor in such a manner, the 
amount of unused gas is reduced, which, in turn, reduces the cost of producing 
carbon nanostructures. 



DETAILED DESCRIPTION OF THE INVENTION 

The above and other objects and advantages of the present invention 
will become more apparent by describing in detail preferred embodiments 
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thereof with reference to the accompanying drawings, wherein like reference 
numerals designate like or corresponding parts throughout the several views. 

Modes f or Carrying out the Invention 
5 First Embodiment 

A first embodiment of the present invention is shown in Figures 1-3. 
The apparatus for producing carbon nanostructures includes a chamber 1, a 
first electrode 20, one or more second electrodes 40, and an adjusting 
mechanism 50. 

io The chamber 1 includes walls 2 which bound a chamber interior 5. 

The walls 2 are structured to allow a cooling fluid to flow therethrough. The 
cooling fluid may be introduced through a cooling-fluid inlet port 4, and may 
exit through a cooling-fluid outlet port 8, so as to cool the chamber interior 5. 
Additionally, the chamber 1 includes an inlet 6 and an outlet 10 so that a gas 

is atmosphere can be produced in the chamber interior 5. The gas atmosphere 
may include any of the inert gasses such as, for example, helium or argon. 
Further, the gas atmosphere may include hydrogen, or a mixture of hydrogen 
and an inert gas, and is typically about 300 Torr to about 760 Torr. The 
particular composition of the gas atmosphere depends on which carbon 

20 nanostructure one desires to produce. Further, the chamber additionally 
includes an observation window 12 so that the user may observe the first 
electrode 20 and one or more second electrodes 40 disposed in the chamber 
interior 5. 

The first electrode 20 includes a first end 21, a second end 33, and a 
25 body 27 extending along a longitudinal axis 31 therebetween. The body 27 
has a blind central bore 29 disposed therein. That is, the central bore 29 does 
not extend entirely through the first electrode 20 from the first end 21 to the 
second end 33. The first electrode 20 is connected to a voltage potential, and 
is mounted within the chamber interior 5, by a connector 14 mounted to the 
30 second end 33. 
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The first end 21 includes a sloped surface 23 which slopes toward the 
central bore 29. The sloped surface 23 is disposed at an angle 6 with respect 
to the longitudinal axis 3 1. See Figure 3. The angle 6 may be from about 20° 
to about less than 60°, but preferably is between about 30° and about 45°. The 
5 angle 0 is chosen so that the sloped surface 23 affects cleaning of the first 
electrode 20, and also affects the shape of the arc between the first electrode 
20 and the one or more second electrodes 40. 

The sloped surface 23 assists in cleaning the first end 21 of the first 
electrode 20 during production of carbon nanostructures. That is,, when a 

io voltage is applied across the first electrode 20 and the one or more second 
electrodes 40, deposits tend to form on the first end 21. Due to the sloped 
surface 23, however, the deposits slide off of the first end 21 and into the 
central bore 29. As angle 9 becomes larger, the sloped surface 23 flattens, and 
deposits will not slide off thereof. 

is Additionally, the sloped surface 23 assists in forming the shape of the 

arc produced by the first 20 and second 40 electrodes. When two or more 
second electrodes 40 are used, as is preferred, the sloped surface 23 allows the 
direction and region of arc plasma to be adjusted so that the Final product may 
be controlled. That is, as the angle 0 becomes smaller, the arc plasma region 

20 of each second electrode 40 is directed more toward the center of the first 
electrode 21 and less of the arc-plasma region is located above the end of the 
second electrode 40, i.e., less is located radially outward along the sloped 
surface 23 of the first electrode 20. And when the arcs plasma regions from 
two or more second electrodes 40 are directed toward the center of the first 

25 electrode 21, the arcs combine and, thereby, produce an even larger, hotter, 
arc-plasma region which increases the reaction time. Consequently, yield and 
size of carbon nanostructures are increased. As the angle 9 becomes large, the 
first end 21 of the first electrode 20 flattens and approaches the conventional 
art electrode structure— i.e., that where 9 = 90° — in which it is difficult, if not 

30 impossible, to control the direction and region of arc plasma. 



(27) «M2 00 2- 1 7 9 4 1 7 

Further, as shown in Figure 2, the sloped surface 23 has a plurality of 
holes 25 disposed thereon. The holes 25 hold, catalysts used during the 
production of carbon nanostractures. Because catalyst is held in the holes 25, 
it is easy to change catalysts for different discharges. That is, the first 
5 electrode 20 is not consumed during discharge, so the holes 25 retain their 
shape and ability to hold catalyst. Therefore, the holes 25 merely need to be 
cleaned out and filled with a new catalyst. 

Each of the holes 25 has a depth of from about 2 mm to about 10 mm, 
but preferably about 5 mm. If the holes 25 are too deep, the catalyst will 

10 melt, settle at the bottom of the hole and, thus, not be available for reaction at 
the sloped surface 23 of the first electrode 20. Thus, a depth is chosen so that 
even when the catalyst melts or sublimes, it is held in the hole 25 and is close 
enough to the sloped surface 23 so that it can be used. 

Further, each of the holes 25 has a diameter from about 3 mm to about 

is 10 mm, when the diameter of the first-electrode first end 21 is about 20 cm, 
and the diameter of the central bore 29 is about 4 cm. Preferably, however, 
the diameter of each hole 25 ranges from about 4mm to about 8 mm. If the 
diameter of each hole 25 becomes too large, a sufficient number of holes 
cannot be produced on the sloped surface 23 and, therefore, a sufficient 

20 amount of catalyst is not available for reaction. The same is true for either an 
increase in the diameter of the central bore 29, or an decrease in the diameter 
of the first-electrode first end 21, which respectively may range from about 0 
cm to about 6 cm, and from about 5 cm to about 30 cm. Also, when the 
diameter of the holes 25 is too large, it is difficult to obtain a desirable 

25 distribution of holes 25 in relation to surface area of the first electrode 20. 

Figure 2 shows the holes 25 as having the same diameter, but it is not 
necessary that they do. Further, it is not necessary for the holes 25 to each 
have the same depth. In fact, it is preferable that the holes 25 have different 
depths so as to continuously provide catalyst from the beginning of arc- 

30 discharge until the second electrodes 40 are consumed. That is, some of the 
holes 25 are shallow so that catalyst quickly evaporates therefrom, whereas 
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other ones of the holes 25 are deeper so that the catalyst evaporates more 
slowly and over a longer period of time. What is important is that the holes 
25 are distributed over the sloped surface 23 so as continuously to supply 
catalyst, by evaporation, to the arc-plasma region from the beginning of arc- 

5 discharge until the second electrodes 40 are consumed. And the more holes 25 
that are present, the easier it is to achieve such a continuous, uniform, supply 
of catalyst during the arc-discharge. 

Although the first electrode 20 is shown as being circular in cross 
section, any other cross-sectional shape may be used such as, for example, 

io elliptical, rectangular, square, pentagon, hexagon, octagon, etc. Further, in 
this embodiment, the first electrode 20 is made of graphite — to withstand the 
temperature of the arc-plasma region which, during operation, is about 
4000°C — and is connected to a negative voltage potential thereby making it 
the cathode. 

is Further, the first electrode 20 may be rotated during arc -discharge. By 

rotating the first electrode 20, it is easier to supply catalyst continuously 
throughout the time that the second electrodes 40 are consumed, and it is 
easier to uniformly supply catalyst to the arc plasma region. That is, by 
rotating the first electrode 20, the holes 25 — which hold the catalyst — are 

20 moved through the arc -plasma region, and some holes 25 which may be 
outside of the arc-plasma region are brought into and through the arc -plasma 
region. Thus, catalyst is continuously and more evenly distributed throughout 
the arc-plasma region. 

One or more second electrodes 40 are disposed in the chamber 1 so as 

25 to oppose the sloped surface 23 of the first electrode 20. When more second 
electrodes 40 are used, a bigger and hotter arc-plasma region can be produced. 
Further, the convergence, or overlap, of the arcs malces the arc-plasma region 
more uniform in temperature. Each of the second electrodes 40 includes a first 
end 41 and a second end 42. The first ends 41 are connected to an adjusting 

30 mechanism 50, whereas the second ends 42 oppose the sloped surface 23 so as 
to form a gap 47 between each second end and the sloped surface 23. The gap 
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47 is measured from the center of the second end 42 to the sloped surface 23 
along a line perpendicular to the sloped surface 23, because the second 
electrode 40 is quickly consumed during arc-discharge and obtains a sloped 
surface roughly parallel to that of the sloped surface 23. In this embodiment, 

5 the second electrodes are connected to a positive voltage potential and, thus, 
are anodes. Further in this embodiment, because catalyst is supplied by the 
holes 25 in the first electrode 20, each of the second electrodes may be made 
of pure carbon. And pure carbon rods are less expensive than ones which 
include catalyst therein. Of course, one or more of the second electrodes 40 

10 may include catalyst therein even though catalyst is supplied by the holes 25 
in the first electrode 20. 

The adjusting mechanism 50 connects the second electrodes 40 to the 
chamber 1, and to a voltage potential. The adjusting mechanism 50 includes a 
plate 52, a screw-threaded stud 54, and a nut 56. 

is The plate 52 mounls the second electrodes 40 so that the second 

electrodes are adjustable with respect to one another. That is, when two 
second electrodes 40 are used, they are adjustably spaced by a distance 45. 
The distance 45 is adjustable because the second electrodes are mounted to the 
plate 52 so that they may move toward and away from each other in the 

20 direction of arrow B. Although only two second electrodes 40 are shown in 
this embodiment, any number of second electrodes 40 may be used. 
Increasing the number of second electrodes 40 increases the possible size of 
the arc plasma region, increases the temperature and, hence, increases the 
amount of carbon nanostructures that can be produced. And when more than 

25 two second electrodes 40 are used, the plate 52 includes a mounting structure 
which allows each of the second electrodes 40 to be moved with respect to the 
remaining second electrodes 40 so that the distance 45 between each of the 
second electrodes 40 is adjustable. In a preferred embodiment of the invention, 
the distance 45 is set to about 8 cm which causes a desirable combination of 

30 the arcs. When numerous second electrodes 40 are present, they may be set on 
a circle having a diameter of a length equal to that of spacing 45. 
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Additionally, the screw-threaded stud 54 is attached to the plate 52, 
and extends through a wall 2 in the chamber 1, The nut 56 is attached to the 
screw-threaded stud 54 to mount the plate 52 and, hence the second electrodes 
40, within the chamber interior 5. The nut 56 and screw-threaded stud 54 
5 allow the second electrodes to be moved in the direction of the arrow A, so as 
to adjust the distance of gap 47. The nut 56 may either be adjusted manually, 
or by an auto-controller (not shown), to position the second electrodes 40 in 
relation to the first electrode 20. In a preferred embodiment of the invention, 
the distance of the gap 47 is set in the range of from about 2 mm to about 5mm, 
10 and preferably in the range of from about 2 mm to about 3 mm. If the gap 47 
is too large, no arc will be produced, whereas if the gap 47 is too small, only a 
small arc plasma region will be produced. Again, a larger sized arc plasma 
region produces a longer reaction time which results in larger carbon 
nanostructures as well as a higher yield of such structures. 
15 Tne structure of the adjusting mechanism is not critical to the invention, 

and may be any mechanism that allows connection of the second electrodes 40 
to a voltage potential, as well as one which allows adjustment of the distance 
45 between second electrodes 40, and adjustment of the gap 47. 

A preferred operation, for producing SWNTs, using this embodiment 
20 of the present invention will now be described. 

The first electrode 20, made of graphite and having a sloped surface 23 
at an angle 0 of about 30° with the longitudinal axis 31 , is disposed below the 
second electrodes 40, of pure carbon having a diameter of about 10mm, so that 
unwanted deposits are collected in the blind central bore 29, 
25 The holes 25 in the sloped surface 23 are filled—usually to their 

tops — with catalyst such as, for example, sulfur, phosphorous, nickel, yttrium, 
cobalt, or mixtures thereof. The type of catalyst depends on the type of carbon 
nanostructures to be produced. For example, by changing the catalyst any one 
or more of the following carbon nanostructures efficiently can be produced: 
3o single-wall nanotubes (SWNTs); multi-wall nanotubes (MWNTs); fullerenes, 
endohedral metallofuilerenes, carbon nanorlbers; and other nanostructures. 
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For the production of SWNTs, a sulfur catalyst produces larger diameter tubes. 
An important feature of this embodiment is that the graphite first electrode 20 



on its sloped surface 23. That is, the catalyst easily can be introduced into the 

5 holes 25 and, thereafter, conveniently is supplied to the arc-plasma region. 
Further, because the first electrode 20 is not consumed, the holes 25 hold their 
shape even during arc-discharge. Therefore, the holes 25 hold the catalyst 
even after it reaches its boiling or sublimation point; the catalyst does not run 
out of the first electrode 20. 

io The chamber interior 5 is then filled with a gas atmosphere including 

inert gasses such as He or Ar, a gas such as H 2> or a mixture thereof. Although 
any inert gas may be used, an atmosphere including H 2 tends to produce longer 
length SWNTs, whereas an atmosphere including He tends to produce shorter 
ones (note that in order to produce fullerenes, a He atmosphere must be used). 

is After the gas atmosphere is produced in the chamber interior 5, valves on the 
chamber inlet 6 and chamber outlet 10 are closed so as to maintain a static gas 
atmosphere of about 500 Torr of H 2 . 

The second electrodes 40 are spaced at about 8 cm from one another 
which produces a combination arc having a large arc-plasma region. The first 

2Q electrode 20 and second electrodes 40 are then brought into opposition with 
one another across a gap 47 of about 2 mm to about 3 mm. 

Further, the first electrode 20 is connected to a negative voltage 
potential to act as a cathode, whereas the second electrodes 40 are connected 
to a positive voltage potential to act as anodes. A direct current (DC) voltage 

25 of between about 30 and about 35 volts, with a current of about 200 amps, is 
then applied to the first 20 and second 40 electrodes thereby producing an arc- 
plasma region by arc-discharge. The arc-discharge is carried out for about 30 
minutes to about 1 hour to consume the anodes. As the second electrodes 40 
are consumed, the adjusting mechanism 50 is operated to move the second 

jo electrodes 40 toward the first electrode 20 so as to maintain the voltage 
between about 30 and about 35 volts. The soot produced by consumption of 



easily supplies catalyst to the arc-plasma region because it includes holes 25 
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the electrodes 40 includes the desired carbon nanostructurcs, and is disposed 
on the inner walls 3 of the chamber 1 . 

Under the above conditions, a soot production rate of about 0.3 to 
about 1 g/min is achieved, wherein the yield of SWNTS is greater than 
5 50wt%. The SWNTs produced typically are about 1.2 to about 1.8 
nanometers in diameter, and are greater than about 100 micrometers in length. 

Although DC voltage was described in the above operation of the 
apparatus, an alternating current (AC) voltage may also be used with the 
apparatus of the present invention. . Further, although a current of about 200 
io amps is preferred, a current from about 1 00 to about 300 amps may be used. 

Second Embodiment 

A second embodiment of the present invention is shown in Figure 4. 
Elements similar to those shown and described in connection with the first 
is embodiment are given like reference numerals and, therefore, a description of 
such elements is omitted here. 

In this embodiment of the present invention, the chamber 1 includes an 
outlet Tube 16, a collection box 18, and a pump 19. The outlet tube 16 is 
connected to the first electrode 20 and to the collection box 18. The collection 
20 box 18, in turn, is connected to the pump 19. Further, the first electrode 20 
includes a central bore 29' which extends entirely through the first electrode 
20, and which is connected to the outlet tube 16. 

Thus, the interior of the chamber 5 is in communication with the pump 
19 so that soot, produced by an arc-discharge between the first 20 and second 
25 40 electrodes, easily can be collected in the collection box 1 8 by operating the 
pump 19 to cause a flow from the chamber interior 5 to the collection box 18. 
The flow rate from the chamber interior 5 is set to a value sufficient to prevent 
an appreciable amount of soot from collecting on the inner walL surfaces 3. As 
the pump 19 draws soot and gas from the chamber interior 5, the chamber inlet 
30 6 allows a corresponding amount of gas into the chamber interior 5 so as to 
maintain the pressure in the chamber interior 5. 
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This embodiment thus has the advantage of easily collecting soot. The 
soot, which includes byproducts and the desired carbon nanostructures, is 
collected in the collection box 18 instead of being deposited on the inner wall 
surfaces 3 of the collection chamber 1. That is, because an appreciable 
5 amount of soot is not formed on the inner wall surfaces 3 of the chamber 1 , a 
lengthy, costly, and perhaps unsafe, soot collection process does not need to 
be carried out. 

A further advantage of this embodiment is that the carbon 
nanostructures are heat annealed as they are drawn, together with the soot, 

10 through the central bore 29' of the first electrode 20. The first electrode 20 is 
heated by the arc-discharge. The surface of the first-electrode first end 21 
reaches about 4000°C, whereas the body 27 cools as it extends away from the 
first end 21. Therefore, a temperature gradient is formed along the central 
bore 29'. As the soot is drawn through this temperature gradient, the carbon 

is nanostructures in the soot are allowed to react longer, and become more 
perfect. That is, the carbon nanostructures are heat annealed, to eliminate 
dangling bonds, as they aTe drawn through the central bore 29' of the first 
electrode 20. The longer reaction time produced by this embodiment of the 
present invention may also lead to longer nanotubes and increased yield. In 

20 the production of metallofullerenes, such longer reaction time is particularly 
beneficial. In a preferred embodiment of the invention, the central bore 29' is 
about 30 cm to allow for heat annealing of the carbon nanostructures. 

Figure 4 shows the first electrode 20 disposed above the second 
electrodes 40 so that deposits formed on the first electrode 20 slide off to the 

25 bottom of the chamber interior 5. In such a configuration, the catalyst— in the 
amount of about 7.5 to about 20 wt% — is contained in the second electrodes 
40. But the first electrode 20 may be disposed below the second electrodes 40 
and, thus, operate to supply catalyst as in the first embodiment. The advantage 
of being able to supply catalyst with the first electrode 20 may outweigh the 

30 disadvantage of collecting unwanted electrode deposits along with the desired 
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nanostructures, as would occur with the first electrode 20 positioned below the 
second electrodes 40. 

Third Embodiment 



Elements similar to those shown and described in connection with the first and 
second embodiments are given like reference numerals and, therefore, a 
description of such elements is omitted here. However, in this embodiment, 
carbon nanostructures are built up from carbon components introduced in a 

10 gaseous state. That is, this embodiment is a CVD process. 

The chamber 1, for this embodiment, has an inlet tube 16', and a 
chamber outlet 10; a chamber inlet 6 is not necessary, but can be included if 
desired. That is, the inlet tube 16* is connected to the central through bore 29% 
of the first electrode 20, to supply gas to the arc-plasma region and to the 

is chamber interior 5. An equivalent amount of gas is let out of the chamber 1, 
through chamber outlet 10, so as to maintain constant the pressure in the 
chamber interior 5 during arc-discharge. 

It is from the components of the gas introduced through the central 
bore 29' that carbon nanostructures are produced, or are built up. That is, a 

20 gas containing catalyst and raw material for the carbon nanostructures is 
supplied to the arc-plasma region through central through bore 29\ In the arc- 
plasma region, sufficient energy is added to the gas to cause a reaction which 
produces carbon nanostructures. Before the gas reaches the arc-plasma region, 
however, it passes through the central throughbore 29' of the first electrode 20, 

25 which is heated by the arc-discharge. Thus, the gas is preheated before it 
reaches the arc-plasma region. Because the gas is preheated, a better yield of 
carbon nanostructures is achieved. 

The gas includes catalyst and raw materials for the production of 
carbon nanostructures and, therefore, it is easy to control the size and 

30 production of carbon nanostructures. That is, the flow rate and concentration 
of the gas introduced controls the type and amount of nanostructures that are 
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A third embodiment of the present invention is shown in Figure 5. 
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produce! For example, the gas may include organic vapor mixed with inert 
gas and.catalyst. In such an arrangement: the organic vapor may include any 
one or more of CH 4 , CH 2 =CH 2t CH=CH, CH 3 CH 2 CH 3 ; whereas the catalyst 
may include S, thiol thiophene, C 10 H 10 Fe, C 10 H 10 Ni, or C 10 H J0 Co 5 used alone or 
in combination. Additionally, in this embodiment, the interior chamber 5 has 
an atmosphere which includes H 2 , because the hydrogen cleans the surface of 
the catalyst, thereby increasing the yield of carbon nanostructures produced. 
Hydrogen can also be introduced with the organic vapor and catalysts. Further, 
the interior chamber has a pressure of about 1 atmosphere. 

Although in this embodiment, catalyst is introduced in a gaseous state, 
the catalyst can also be contained either in the first electrode 40 or in the 
second electrodes 40 as in the previous embodiments. That is, the catalyst can 
be added to the arc-plasma region in any one or more of the following three 
manners: a) by the gas introduced through the inlet tube 16'; b) by the holes 
25 in the First electrode 20; or c) by the second electrodes 40. 

Further, the structure of the present invention leads to an increased 
efficiency in carbon nanostructure production. As noted above, the sloped 
surface 23 of the first electrode 20 allows control of the direction and region of 
arc-plasma. Hence, by selecting an appropriate angle 9, second electrode 
spacing 45, and electrode gap 47, the arc -plasma region can be uniformly 
produced over a large area above the central opening 29\ Thus, because the 
gas is introduced through the center of the first electrode 20, and the arc- 
plasma region is uniformly disposed over the central opening 29\ the gas is 
uniformly consumed due to a more complete utilization of the entire arc- 
plasma region. That is, very little of the gas introduced through central bore 
29' remains unconsumed because the gas must pass through the arc-plasma 
region. Moreover, because the gas is passed through an arc-plasma region 
having a temperature of 4000 C G— which is much higher than that used in 
typical CVD processes— the present invention achieves a much higher 
efficiency than that of typical CVD processes. Thus, carbon nanostructures 
efficiently can be produced with this embodiment of the invention. 
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Because the sloped surface 23 allows control of the arc-plasma region, 
it is possible to use only one second electrode 40, although such is not 
preferred. That is, it is possible to control the direction and region of arc- 
plasma from one second electrode 40 so that such arc-plasma region is 

5 disposed over the central opening 29\ Such arc-plasma region is not as large 
as that achieved with two or more second electrodes 40, however, and thus 
docs not allow as much production capacity, yield, and quality of carbon 
nano structure as in the case of two or more second electrodes 40. 

In this embodiment, the main source of carbon nanostructure 

10 production is by building them up from components of a gas — although some 
are produced by consumption of the second electrodes 40. Therefore, il is 
desirable to have a slow consumption of the second electrodes 40 in order to 
lengthen the time for arc-discharge which, in turn, increases the amount of 
carbon nanostructures which can be produced with one set of electrodes 40. In 

is order to increase the duration of arc-discharge, the first electrode 20 is 
connected to a positive voltage potential so as to act as an anode, whereas the 
second electrodes 40 are connected to a negative voltage potential so as to act 
as a cathode. That is, the voltage potentials are switched from the 
arrangements used in the first and second embodiments in order to slow 

20 consumption of the second electrodes 40. 

In this embodiment, similar to the first embodiment, the soot 
containing carbon nanostructures is deposited on the inner wall surface 3 of 
the chamber 1 . 

It is contemplated that numerous modifications may be made to the arc 
25 electrode assembly of the present invention without departing from the spirit 
and scope of the invention as defined in the claims. 
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4. Brief Description of the Drawings 

Figure 1 is a schematic view of a chamber and arc electrodes, 
according to a first embodiment of the present invention, for producing carbon 
5 nanostructures; 

Figure 2 is a schematic partial cross-sectional view, as taken along line 
II-U of Figure 1 , of the arc electrodes; 

Figure 3 is a schematic side view of one of the arc electrodes as shown 
in Figure 1; 

io Figure 4 is a schematic view of a chamber and arc electrodes, 

according to a second embodiment of the present invention, for producing 
carbon nanostructures; and 

Figure 5 is a schematic view of a chamber and arc electrodes, 
according to a third embodiment of the present invention, for producing 

15 carbon nanostructures. 
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Description of Reference Numerate 

1 chamber 

2 chamber walls 

3 inner wall surface 
5 4 cooling fluid inlet 

5 chamber interior 

6 chamber inlet 

8 cooling fluid outlet 

10 chamber outlet 

10 12 observation window 

14 connector 

16 outlet tube for first electrode 

1 6' inlet tube for first electrode 

18 collection box 

is 19 pump 

20 first graphite electrode 

21 first end of first electrode 
23 sloped surface 

25 holes in sloped surface of first electrode 

20 27 body of first electrode 

29 centra] blind bore 

29' central through bore 

3 1 longitudinal axis of first electrode 

33 second end of first electrode 

2S 40 second electrode(s) 

41 first end of second electrode(s) 

42 second end of second e!ectrode(s) 
45 spacing between second electrodes 

47 gap between first and second electrodes 

30 50 adjusting mechanism 

52 plate 

54 screw-threaded stud 
56 nut 

A horizontal adjustment direction 
B vertical adjustment direction 
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1. Abstract 

An arc electrode structure, for producing carbon nanostructures, which 
includes a first electrode and two or more second electrodes disposed within a 
chamber. The electrodes are connected to a voltage potential to produce an 

5 arc-plasma region. The first electrode has a sloped surface with a plurality of 
holes therein for holding catalyst. The first electrode's sloped surface, and the 
positioning of the plurality of second electrodes allows control of the direction 
and region of arc-plasma. Further, the first electrode has a central bore which 
may be either a blind bore, or a through bore. The blind bore collects 

10 unwanted deposits that slide off of the sloped surface of the first electrode. 
The throughbore either allows soot and carbon nanostructures to be removed 
from the chamber, or allows organic vapor to be introduced into the chamber. 
When the throughbore is used to introduce organic vapor into the chamber, the 
vapor is directed through the arc-plasma region so that carbon nanostructures 

is are built up by a CVD process rather than being broken off of carbon 
electrodes. 

2. Representative .^rawing 
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